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SUMMARY
Monte Carlo (MC) methods are widely accepted as the most accurate technique 
for calculating dose distributions in radiation therapy physics.  Simulating the particle 
transport through the treatment head of a linear accelerator utilizing a MC based code is 
both a widespread and practical approach to determining detailed clinical beam 
characteristics such as the energy, angular and spatial distribution of particles which are 
needed to properly quantify dose.  One particular and versatile MC code, the Monte Carlo 
N-Particle (MCNP) radiation transport code, developed by Los Alamos National 
Laboratory, has been commonly used to model ionizing radiations for medical physics 
applications.  
In this thesis, a Varian 2100C linear accelerator (linac) is modeled and the 
electron and photon transport through the primary components of the treatment head are
simulated using MCNP Version 5_1.3.  The 6 MV photon spectra was characterized in a 
standard 10 x 10 cm2 field and subsequent dose calculations were made in a Virtual 
Water™ (VW) phantom.  Energy fluence, percent depth dose and beam profile 
measurements were taken in a modeled VW phantom and the calculated data was 
compared to measured reference data.  In addition, a human phantom was modeled for 
future dose calculations using the modeled linac.  
The linac model created can incorporate different beam energies for determining 
the dose distribution of multiple beam treatments in phantoms for standard 6 MV plans.  
The adaptability of this MCNP model allows for any number of geometries and sources 
encountered in medical physics to be computed and applied with relative ease.  Future 
x
studies can involve adding complex multi-leaf collimator beam shaping and calculating 
the dose in human phantom models, which would serve as a basis for studies involving 




Cancer is the second leading cause of death in the United States accounting for 
22.7% of deaths each year (ACS, 2006).  In the past 5 decades the cancer mortality rate 
has only decreased by 2% and it is estimated that approximately 1 in ever 3 individuals 
will be diagnosed with cancer (ACS, 2006).  Of those diagnosed, approximately 50-60% 
of them will be treated with radiation therapy at some time during their illness.
Radiation therapy is the treatment of cancer with ionizing radiation.  The primary 
goal of radiation therapy is to maximize the dose to the tumor cells and minimize the 
exposure to the healthy tissue.  Increase use of high energy photon and electron beams in 
radiation therapy has made it necessary to account for the electron transport for dosimetry 
and treatment planning purposes.  
The Monte Carlo (MC) method is a statistical simulation technique whose particle 
transport capabilities have progressed into many different areas of application since its 
introduction in the 1940s (Verhaegen, 2003).  Applications of MC techniques in medical 
physics, especially radiation therapy physics, have been discussed in numerous 
publications (Rogers and Bielajew, 1990; Andreo, P., 1990; Ma et al., 1998) and have 
been demonstrated and accepted as the most accurate method for radiotherapy dose 
calculations.
In order to apply MC methods clinically, detailed information on beam particle 
characteristics such as energy, angular and spatial distributions is needed.  One way to 
determine the essential clinical beam characteristics is to utilize the MC technique to 
simulate transport of particles through the treatment head of the linear accelerator (linac) 
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(Ma et al., 1998).  For radiation transport problems, the MC method simulates individual 
particle tracks by sampling proper quantities from the probability distributions governing 
the individual physical processes using machine-generated pseudo-random numbers (Ma 
et al., 1999).  By simulating a large number of particle histories, the particle fluence, 
energy spectrum and dose distribution can be computed.  
Monte Carlo methods have been previously used to simulate particle transport of 
clinical photon and electron beams.  A variety of research has been dedicated to modeling 
clinical beams and developing MC based codes for radiation therapy purposes. More 
specifically, there has been documented research done using the Los Alamos developed 
Monte Carlo N-Particle (MCNP) radiation transport code for simulating particle transport 
and modeling the key components of a treatment head to acquire energy and spectral 
distributions for various radiotherapy clinical beams (R.D. Lewis et al., 1999).  
This thesis models a Varian 2100C* linac using MCNP5_1.3 to characterize the 6 
MV photon spectra in a 10 x 10 cm2 standard field size at 100 cm source-to-surface 
distance (SSD) to determine the dose distribution in a Virtual Water™ phantom.  These 
parameters were chosen to match the absorbed dose calibration referenced parameters for 
clinical radiation beam standards to ensure acceptable accuracy and consistency in 
dosimetric data among institutions that provide radiation therapy and published literature.  
Energy fluence, percent depth dose and beam profile were calculated in a modeled 
phantom using MCNP.  The calculated results were compared with measured reference 
data and showed good agreement for the photon spectrum.
                                                




The MC technique involves using known probability distributions that govern the 
physical interactions of photons and electrons in various materials to simulate random 
trajectories of individual particles.  By keeping track of processes of interest for a large 
number of histories, information regarding the average quantities and their correlated
distributions can be obtained as well as the statistical fluctuations of specific events.  The 
use of MC methods in radiation therapy physics has increased over the past few decades 
because the use of high energy photon and electron beams for radiotherapy has made it 
necessary to account for the electron transport for dosimetry and treatment planning 
purposes (Rogers and Bielajew, 1990).  
2.1 Interactions of Radiation with Matter
In order to accurately simulate electron and photon transport, it is essential to 
correctly account for all the significant physical processes that occur.  Thus, this section 
details the physical processes that affect simulation within the range of a few kilo-
electron volts (keV) to tens of mega-electron volts (MeV).
2.1.1 Electron Interactions 
Similar to other charged particles, electrons can both excite and ionize atoms by 
losing energy through collisions with atoms and molecules and can in turn be created as a 
byproduct of these collisions.  Ionization occurs when a charged particle passes near an 
atom that exerts an electrical force on its orbital electrons strong enough to cause one of 
them to separate from the atom.  The charged particle’s lost energy is used to overcome 
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the orbital electron’s binding energy and the remaining energy is used as kinetic energy 
for the ejected electron.  If the ionization occurs within the inner shells of the atom 
characteristic x-rays or Auger electrons can be emitted.  In addition, if the ejected 
electron is energetic enough it can cause secondary ionizations and is known as a delta 
ray.  
Excitation occurs when the electron’s encounter causes an atom’s orbital electrons 
to be raised to a more excited state.  The electron’s energy loss is much smaller compared 
to ionization and the transferred energy is dissipated in the form of molecular vibrations, 
emission of infrared, visible, ultraviolet radiation and so forth (Cherry et al., 2003).  
Bremsstrahlung production occurs when a charged particle enters the electron cloud of an 
atom and strong electrical forces exerted by the atom’s nucleus cause the particle to 
rapidly decelerate and lose energy which appears in the form of a photon of 
electromagnetic radiation.  Figure 2.1 illustrates the primary electron interactions.
      
                      (a)                                            (b)                                         (c)
Figure 2.1:  Primary Electron Interactions: (a) Ionization, (b) Excitation, and
(c) Bremsstrahlung production (Miglierini, 2004)
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Because electrons are much smaller for a given energy than heavier charged 
particles, their speeds are greater when passing through matter, making them more 
penetrating than heavy ions.  In addition, electrons can lose a greater fraction of their 
energy in single collisions with other electrons as compared to heavy ions, resulting in an 
indeterminate range and a linear penetration distance unrelated to the actual path length 
through the medium.  Electrons and positrons are thought of as continuously losing 
energy through inelastic collisions with bound atomic electrons and thus make electron 
transport using MC computations more complex and time-consuming than other particle 
transport calculations, such as photon transport.
2.1.2 Photon Interactions
A variety of interactions can occur when photons pass through matter.  Unlike 
electrons, photons are considered secondary ionizing radiation because their interactions 
with atoms, nuclei and electrons do not directly cause ionization.  Instead, they result in 
the ejection of orbital electrons or in the creation of positive-negative electron pairs, 
whose electrons cause ionization effects and are the basis for photon detection and 
radiation effects (Cherry et al., 2003).  The three primary photon interactions are the 
photoelectric effect, Compton scattering and pair production; all of which, result in the 
ejection or creation of an electron.
The photoelectric effect dominates the lower gamma energies (a few hundred 
keV) where the incident photon energy is just enough to overcome the binding energy of 
orbital electron shells.  It occurs when an atom fully absorbs the energy of an incident 
photon and utilizes the absorbed energy to eject an orbital electron whose energy is 
equivalent to the difference between the incident photon’s energy and the binding energy 
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of the electron shell from which it was ejected.  The vacancy in the electron shell then 
leads to the emission of characteristic x-rays or Auger electrons which undergo further 
electronic collisions contributing to the excitation and ionization of the matter in which it 
occurs.  
Compton scattering, also known as incoherent scattering, is the process that 
governs interactions for photon energies on the order of 1 MeV and accounts for the 
majority of the medical physics range.  It is essentially a collision between a higher (than 
the binding) energy photon and a loosely bound (or regarded as free) outer orbital atomic 
electron.  The interaction results in a deflected photon of reduced energy and a recoil 
electron whose energy is dependent on the scattering angle.   Rayleigh or coherent 
scattering occurs when the photon scatters elastically and a negligible amount of energy 
is lost.  
For energies above a few MeV, pair production dominates the photon 
interactions.  It occurs when a photon interacts with the electric field of a charged 
particle, usually an atomic nucleus and occasionally an electron, and creates an electron-
positron pair who share the imparted kinetic energy:  Ee+ + Ee- = Eo – 1.022 MeV, where 
Ee+ and Ee- are the energies of the resulting positron and electron respectively and Eo is 
the incident photon energy.  Because the rest mass of an electron is 0.511 MeV the 
minimum incident photon energy required is 1.022 MeV and accounts for pair 
production’s dominance of the higher photon energy range.  The positron goes on to 
annihilate with an electron creating a pair of annihilation photons, 0.511 MeV in energy 
and approximately 180 degrees apart which cause further interactions.  A much less 
common occurrence  is when the photon interacts with the field of an atomic electron and 
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takes up a considerable amount of energy in the process and is thus referred to as triplet 
production and results in a vacancy left in the atom (Rogers and Bielajew, 1990).  The 
primary photon interactions described above are schematically shown in Figure 2.2:
          
                  (a)                 (b)                                             (c)
Figure 2.2:  Primary Gamma-Ray Interactions: (a) Photoelectric effect, (b) Compton 





MCNP is a general purpose transport code that can be used for neutron, photon 
and electron or coupled particle transport.  It has the capability of easily inputting 
complex geometry in three dimensions making the code very user friendly but at the cost 
of increased computation time.  It has a wide range of capabilities for medical physics 
applications including, but not limited to, calculating dose, simulating radiographs, and 
creating voxel models using CT data (Goorley, 2005). 
3.1.1 MCNP Runs and Techniques
MCNP automatically generates standard summary information for each 
simulation and gives the user better insight to the physics of the problem and the 
adequacy of the model, including:  a complete account of the creation and loss of all 
tracks and their energies; the number of tracks entering, reentering and populating the 
cell; the number of collisions in a cell; the average weight, mean free path and energy of 
tracks in a cell; how the particles interacted with each nuclide in a cell; and a complete 
weight balance for each cell (MCNP – A General Monte Carlo N-Particle Transport 
Code, Version 5, 2003).  In addition, MCNP provides basic tally types: six standard 
photon tallies and four standard electron tallies which can be easily modified for specific 
problems.  The primary tallies used in this thesis are the surface current tally, F1, the 
track length estimate of cell flux, F4,  the track length estimate of energy deposition, F6, 
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and the energy deposition tally, *F8.  More information regarding these basic tallies and 
the underlying physics behind them can be found in the MCNP Version 5 User’s Manual.
The latest available version of MCNP, MCNP5_1.3, offers several new useful 
features for medical physics applications.  It has the capabilities of employing a 3D 
geometry independent tally grid for calculating volume averaged fluxes in voxels within 
the grid.  In addition, other cards such as the tally multiplier FM card can be used with 
mesh tallies to calculate volume averaged doses and reaction rates.  A brief mention of 
the other new applications include radiography tallies, photon Doppler broadening and an 
increase in number of detectors, tallies and particle histories used in a single run.
The MCNP runs designed in this thesis took place on a dual core AMD opteron 
64 bit computer system running a Redhat Enterprise Linux ES Release 4.0 distribution 
composed of 17 nodes with 4 GB of ram.  Despite the available computing power, the 
initial electron took approximately 70.6 hours when ran in parallel between 42 processors 
and subsequent runs took approximately 52 – 800 minutes on a single processor 
depending on the designated tallies. 
3.2 Monte Carlo Modeling 
Models have been said to generate new insights, provide basic understanding and 
give strong support to design, optimization and analysis of experiments (Siebert et al., 
1997).  Provided they are based on sound assumptions, accurate data, are carefully 
checked and appropriately applied within their scope, they can sometimes be used in lieu 
of experiments.  In radiotherapy, models are created in order to predict dose distributions 
and are sometimes used as a substitution for measurements that are impractical in 
humans.  For this purpose, the treatment head of a linac was modeled to determine the 
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spectral distribution of a 6 MV photon beam from a Varian 2100C along with a Virtual 
Water™ phantom and a human phantom model for future dose verification studies.
3.2.1 Modeling the Linear Accelerator
A linear accelerator uses high frequency electromagnetic waves to accelerate 
charged particles, such as electrons, to high energies through a linear tube in order to treat 
superficial tumors by utilizing the electron beam itself, or deep-seated tumors by making 
the electron beam strike a target to produce x-rays (Khan, 2003).  The bremsstrahlung x-
rays generated when electrons are incident on a high-Z target, such as tungsten, 
demonstrate a spectrum of x-ray energies with the maximum energy equal to the initial 
electron energy and with the average photon energy being approximately a third of the 
maximum energy.
Simulating the photon transport in the treatment head of a linac using MC 
methods allows for a reconstruction of the spectral photon data discussed above.  In order 
to obtain a clinically applicable spectrum the major components of the treatment head 
must be accurately modeled.  The primary components that affect the photon spectrum 
are the target composition, the primary collimator, which provides initial collimation of 
the beam directly following the target, the flattening filter, which allows for uniform 
beam intensity, and the upper and lower jaws, which allow for rectangular field size 
shaping and secondary collimation.  Each of these components greatly affects the 
resulting photon spectrum and it is thus essential to accurately model them in order to 
properly characterize the beam for clinical applications.
An MCNP5 model was developed for the Varian Clinac 2100 based upon the 
manufacturer’s specifications and previous documented literature (Mohan et al., 1985; 
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Fix et al., 2001; Cho et al., 2005).  A 6.05 MeV electron beam with a radial distribution 
of 1mm was made to impinge on a tungsten target imbedded in copper.  The electron 
transport and resulting x-ray production was simulated and tracked through the major 
components of the treatment head:  the tungsten target, copper stopping plate, primary 
collimator and flattening filter.  These components are responsible for the majority of 
photon attenuation within the treatment head 
To avoid having to repeatedly run time consuming electron transport, a reusable 
surface source of the initial photon spectrum following the flattening filter was created 
for simplification and ease of subsequent runs.  The reusable surface source was created 
utilizing a Surface Source Write (SSW) card which creates a surface source file by 
tracking and recording the particles (energy, position and angle) that cross a designated 
surface.   
The first SSW card was created on the surface directly after the flattening filter 
and recorded the resulting bremsstrahlung production.  The second SSW was written 
following the exit of the photons from the treatment head, not only to tally the photons 
that had made it past the jaws but also to make the incorporation of a multiple beam 
geometry and more complex phantom model easier for future calculations.  This could be 
done by taking the second SSW and using it as a collimated planar beam source, 6 MV in 
energy, 10 x 10 cm2 field, and with known distance from the surface of the object for 
which dose needs to be determined. 
The visual schematic of the treatment head is pictured in Figure 3.1.  The
geometry and material composition of the various components within the linac treatment 
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head are based on the manufacturer’s specifications and are under proprietary control 
(Varian Oncology Systems Monte Carlo Project, 1995-1996).
Figure 3.1:  Schematic of Treatment Head
The jaws designated a 10cm x 10cm square field and the slab phantom was placed 
100cm source-to-surface distance (SSD).  The field size can be easily manipulated in the 
input file to create various field sizes, 10 x 10 cm2 was chosen as a reference field for 
purposes of comparison to published data and for calibration of the linac for dosimetric 
calculations.  Additionally, the beam could be rotated by translating the second SSW 
plane to incorporate different volumes for irradiation and this could in turn be used for 
multiple beam dose calculations.  An illustration of the beam set up is shown in Figure 
3.2.
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Figure 3.2:  Schematic of Beam Set Up
3.2.2 Modeling Phantoms 
For purposes of validating the x-ray spectra, a Virtual WaterTM (VW) phantom 
was modeled and dose was determined within the slab phantom for comparison with 
measured data.  Virtual WaterTM phantoms are more convenient to work with than water 
phantom tanks during routine linear accelerator checks for photon and electron beam 
calibrations.  They are designed to have layers of varying thickness to allow adjustable 
source-to-detector distances and to scatter and attenuate x-rays similarly to water within 
0.5% equivalence without charge storage problems (Dosimetry Phantoms, Virtual 
WaterTM Phantom Materials).  The phantom modeled had dimensions 30 x 30 x 30cm3
and was composed of epoxy resins and powders to control density and radiation 
properties.  The specific material composition is 8.02% H, 67.03% C, 2.14% N, 19.91% 
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O, 0.14% Cl and 2.31% Ca by weight percent (Z. Wang et al.) with a density of
1.03g/cm3.
Geometrically independent mesh tallies were created over the virtual water 
phantom, superimposing a cubic centimeter grid over the phantom in order to determine 
flux and energy of photons over the mesh cells.  For the energy fluence mesh tally, 1 
MeV energy bins were used from 0 to 6 MeV.  This same technique could be applied to 
other phantom models for calculating dose in individual voxels to ensure optimization of 
dose.
In addition to modeling the VW phantom, a human phantom was modeled for 
future dose verification measurements.  The Alderson Radiation Therapy (ART) male 
phantom 200A was modeled in MCNP5 utilizing Scan2MCNP, which converts CT, MRI 
and other scan data to an input file that can be used for Monte Carlo transport programs, 
such as MCNP, by constructing a 3D model from multiple digital communication 
(DICOM) files (Van Riper, 2003-2004).  An original CT slice and its Scan2MCNP 
depiction are shown in Figure 3.2.
     
Figure 3.3:  CT ART Slice and its Scan2MCNP Representation
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A CT scan of the male ART phantom was taken at Emory University Hospital and 
converted into a 3D voxel phantom model using Scan2MCNP.  The slices are modified 
by selecting the proper parameters to limit image artifacts and designating the appropriate 
colors to represent the different materials within the phantom.  Further modifications can 
be made by directly altering the resulting output file. The MCNP5 model is pictured in 
Figure 3.4.
          
Figure 3.4:  ART Phantom and MCNP5 VisEd Representation
The ART phantom is representative of a 175 cm (5 ft. 9 in.) tall, 73.5 kg (162 lb.) 
male and is made of ICRU-44 standard tissue-equivalent material (International 
Commission on Radiation Units and Measurements, 1989).  The phantom is horizontally 
transected into 2.5cm slices containing hole grid 1.5 cm x 1.5 cm spacings with 5-7 mm 
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diameter holes for lung and tissue equivalent plugs for the use for thermo luminescent 
detector (TLD) chips and rods.  The MCNP5 model consists of 3536 voxels and five 
materials which correspond to the colored partition boundaries shown in Table 3.1.
The materials are compositions from MIRD phantoms described in ORNL reports 
TM-8381 and TM-12907.  Future work would include using the modeled ART phantom 
and conducting dose verification studies with various dosimetry methods for optimization 
purposes.
Table 3.1:  MCNP5 Phantom Materials and Densities
Color Material Density (g/cm3)
Air @ 7200 ft 0.000987
Adult Soft Tissues 1.040000
Skeleton 1.400000
Lung Tissue 0.296000
Mixed Adult / Lung Tissues 0.605235
3.3 Dose Distributions
Absorbed dose, or simply dose, is defined as the mean energy imparted by 
ionizing radiation to a material of known mass.  The standard unit of dose is the gray 
(Gy) and is equivalent to 100 radiation absorbed dose (rad).  Linear accelerators are 
usually calibrated to deliver 1 cGy/Monitor Unit (MU).  The MU is the linear 
accelerators deliverable dose unit and is used in medical physics calculations for 
determining dose to patients.  
The majority of MCNP tallies are normalized to one starting source particle tying 
the tally normalization to the units of the source particle and how it is defined.  Since 
peak target current and pulse width vary slightly from machine to machine due to 
accelerator tuning, the dose rate is based on repetition rates.  Thus, making the quantity of 
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interest, the dose per pulse and for the target, the accumulated charge on the target per 
dose delivered.  For the Varian 2100C 6 MV beam, the estimated mean energy incident 
on the target is approximately 6.4 MeV and an accumulated charge of approximately 11.2 
μC will deliver 1 cGy absorbed dose to water for a 10 x 10cm2 field, 100 cm SSD at a 
water depth of 1.6cm (dmax).  In order to normalize an MCNP tally whose units are in 
MeV and determine absorbed dose the following equation (Goorley, 2005) would be 
used:
D(rads) = (*F8 tally (MeV) / source particle*mass (g))*(1.602x10-6 
erg/MeV)*(1/100 erg/g/rad)*source particle
In radiation therapy, the absorbed dose of the incident beam varies with depth and 
depends on many parameters such as the beam energy, field size, SSD and the 
collimation system.  Thus, measuring the depth dose variation along the central axis
(CAX) of the beam is a fundamental step to calculating dose.  One way to characterize 
the CAX dose distribution is to normalize the dose at depth with respect to a reference 
depth and this quantity is usually expressed as a percentage and is known as percent 
depth dose (PDD):
PDD = Dd/Ddo * 100
Dd is the dose at depth, d, and Dd0 is the dose at a fixed reference depth, d0, along 
the center of the beam.  Usually, for lower energy x-rays the reference depth is at the 
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surface (d0 = 0) and for higher energy x-rays the reference depth is taken at the depth of 
maximum dose, dm (d0 = dm).  
Dose was calculated in the VW phantom at various reference depths at the center 
of the 10 x 10 cm2 field, in one centimeter diameter spheres using the *F8 tally (units of 
MeV/source particle) in MCNP5 and normalized to the reference dose maximum of 1.6 
cm for a 6 MV photon beam.  Comparative measurements were taken based on the 
clinical photon beam calibration protocol established by the American Association of 
Physicists in Medicine Task Group 51 (AAPM TG-51) for linacs and the tabulated data 
for the MCNP calculations and reference measurements can be found in the Appendix
taken by Varian Oncology Associates using a Scanditronix Wellhoffer water phantom in 
one millimeter increments.
In addition to dose measurements, off-axis measurements were taken at dmax to 
plot a beam profile to determine the variation in dose across the field and to see the beam 




4.1 Spectrum Calculations and Measurements
Table 4.1 shows the mean energy as a function of radial distance from the central 
axis (CAX).  Mohan et al. demonstrated this technique, using annular rings to score the 
fluence and angular distribution of particles, for several beams of varying energies.  He 
used annular rings of various radial distances from the CAX, 100 cm from the source in 
air and scored the different photon fluxes.  These same parameters were used to 
determine the values shown in the Table below.
Table 4.1:  Mean Energy as a Function of Radial Distance from the CAX
Radial Distance Mean Energy Total error
(in MV)
0-2 cm 2.06 0.0053
2-3 cm 2.03 0.0047
3-5 cm 2.03 0.0026
5-10 cm 1.97 0.0012
10-15 cm 1.79 0.0021
15-20 cm 1.28 0.0058
As expected, the flattening filter hardens the beam more at the center of the beam than at 
the peripheral regions.  
Figure 4.1 below illustrates that within a 0-2 cm circular diameter from the central 
axis (CAX) the photon spectrum has a distribution with higher energy photons and hence 
is harder compared with the spectrum in the annular region of 10-15cm from the CAX.  
The mean energy in the center or of the beam is 2.06 MeV and 1.79 MeV 10 to 15 cm 
































0-2 cm from CAX
10-15cm from CAX
Figure 4.1:  6 MV photon spectra at varying radial distances
Because the region that most agreed with the referenced data was the spectrum 
from the 10-15cm radial ring, a surface source was created using the probability 
distribution from the MCNP tally to create a parallel beam for use in future calculations 
and the spectrum was verified through several runs using the same parameters as the 
measured data to ensure consistency.  
The MCNP5 generated 6 MV photon spectrum is shown below in Figure 4.2.  The 
photon flux was determined in a 1 cm diameter circle 100 cm source-to-surface distance 
(SSD) with a 10 x10 cm2 field size, in air.  Photons were scored in 0.25 MeV energy bins.  
The average energy of the overall x-ray spectrum was determined to be 1.79 MeV which 
agrees with the generally accepted value of approximately one third of the initial electron 
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energy.  The standard deviation of the data is calculated from the fluctuations in the 























Figure 4.2: MCNP5 vs. Measured 6 MV Photon Spectrum
For purposes of comparison the spectrum from the Cho et al. paper of reference 
photon dosimetry data for the 6 MV Varian 2100C is show above.  This spectrum was 
determined by studying the average data based on more than 50 sets of measured data 
from the Radiological Physics Center (RPC) and 10 sets of clinical dosimetry data 
obtained from 10 different institutions participating in a RPC study for quality assurance.  
The spectrum was measured in a 1 cm diameter circle, 100 cm SSD in a 10 x 102 field, in 
air.  The measured spectrum’s mean energy was determined to be 1.78 MeV.  As can be 
seen above, the calculated and measured spectrums show good agreement.
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Mesh tally results for the fluence were plotted in Gnuplot Version 4.0 (Williams, 
2004) in Figure 4.3 below.  The associated error of the flux tally is plotted above the 
photon fluence in the phantom to show that near the edges of the beam the fluence rate 
decreases rapidly, thus causing an increase in error as a function of the lateral distance of 
the beam.  The fall off of the beam is caused both by the geometric penumbra and the 
reduced side-scatter.  The bottom of graphs below, show their contours.  A more accurate 
view of the contour map for the fluence mesh can be found in the appendix.
   
Figure 4.3:  Flux mesh tally and corresponding error 
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Results for the energy fluence mesh tally for the various energy bins were plotted 
and can be found in the appendix.  The 0 to 1 MeV energy mesh tally is plotted below in 
Figure 4.4.  This plot shows that the majority of energy deposition is the result of the 
lower energy photons which agrees with the plotted 6 MV spectrum above which 
illustrates the modal energy within this range.
Figure 4.4:  0 to 1 MeV energy fluence mesh tally
4.1.1 Depth Dose Calculations and Measurements
Percent depth dose measurements were taken at various depths within the VW 
phantom and normalized to the referenced depth dose maximum, 1.6 cm, for a 6 MV 



























Figure 4.5:  MCNP5 vs. Measured PDD for 6 MV beam
The MCNP5 calculated depth dose curve measurements were taken 
approximately every 5 cm except prior to the buildup region.  The calculated results 
agreed fairly well with the referenced PDD curve, whose tabulated data can be found in 
the appendix.  However, the referenced data obtained by Varian Oncology Associates 
was measured using an ionization chamber in a Wellhoffer Scanditronix water phantom 
in 1mm increments, thus the density differences between the referenced PDD values and 
those calculated in MCNP, are appropriately taken into account and there are slight 
visible differences between the two curves.  In addition, the statistical error for the 
MCNP5 generated PDD curves are within 5% and it is assumed that the statistical error 
for the measured data is less than 2%.
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Figure 4.6:  Beam profile for 6 MV beam
This figure shows the dose variation across the defined field at a specified depth.  
In addition, the beam profile conveys the beam flatness and the defined field size 
showing that the dose is uniform across the 10 x 10 cm2 field.  Thus, validating the 




The 6 MV spectrum was successfully determined by the MC model as indicated 
in Figure 4.1, where the MCNP calculated spectrum is compared to a previously
measured spectrum.  In addition, the geometry of the treatment head, such as the 
flattening filter and collimating jaws, were sufficiently modeled.  These results can be 
seen in the beam profile graph which shows that the flattening filter provided a uniform 
dose distribution across the field size and the expected beam hardening was graphed in 
the comparison of spectrums taken off the central axis. The PDD curves showed good 
agreement between the measured depth dose data and the calculated depth dose. A more 
conclusive calculation, however, with less statistical error and carried out in a water 
phantom as opposed to a VW phantom should be done prior to using the model for direct 
dose calculations in more complex phantoms.  
The linac modeled in this paper can easily be changed to incorporate any number 
of geometries and sources encountered in medical physics.  It has the ability to integrate 
different field sizes and nominal energies by simply changing a few values in the original 
input deck.  This adaptability allows characterization of a number of different clinical 
photon beams, not just the 6 MV beam; current modern day linear accelerators typically 
have more than one operating photon energy.  Presently, this model can create multiple 6 
MV beam setups similar to the standard prostate radiation therapy treatment of placing a 





The methods used in this work were designed to model the 6 MV photon beam of 
a Varian 2100C and to analyze and validate the resulting spectrum using dose distribution 
measurements in a VW phantom.  However, several assumptions and simplifications 
were made regarding the calculations and experimental measurements within the Virtual 
WaterTM phantom.  Depth dose measurements were tallied directly in the VW phantom 
material and normalized to determine the dose distribution, thus future work would 
include modeling an ionization chamber in MCNP for dose calculations in the phantom.
In addition, future research would include measurements and dose distributions in 
more complex phantom models such as the ART phantom using varying methods of 
dosimetry, such as film and TLDs to validate dose.  The linac model could be modified to 
simulate more complex beam shapes by properly modeling the multi-leaf collimators in 
order to accommodate irregular field shapes to make the beam model more patient 
specific and practical for clinical purposes.  This could lead to Image Modulated 
Radiation Therapy (IMRT) techniques by creating multiple beam setups using MLC 
shaping and eventually dose optimization.
Besides adding more complex geometry into the MC problem, modeling the 
ionization chamber, MLC, human phantoms and multiple beam treatments, it would be 
beneficial to explore other MC codes.  Determining the similarities and differences for 
each code would convey their strengths and weaknesses and allow efficient use of their 
strengths for specific radiation therapy problems to be applied.  Also, exploring the 
different types of radiation used for treatment, such as electron, proton and neutron 
beams is also a possibility.  
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Finally, it is apparent that technology is continuously getting more complex to 
adapt to patient specific treatments in the field of medical physics, i.e. image gating to 
take into account the movement of the patients organs during inhalation and exhalation.  
Thus, MC modeling and development of calculation algorithms will also be continually 
changing and researched in order to accommodate the needs for better dose distribution 
and optimization in radiation therapy.  Steady, ongoing research is presently being carried 
out in all these areas to reach the common goal of a radiation therapy; maximum dose to 
the tumor volume and minimal dose to the healthy/surrounding tissue and thus a better 
quality of life for patients.
29
APPENDIX A
REFERENCED DATA AND TABULATED RESULTS



































































































































































































































GB D  4 x4  cm
GB D 6 x6  cm
GB D 10 x10  cm
GB D 15x15 cm
GB D 2 0 x2 0  cm
GB D 3 0 x3 0  cm
GB D 4 0 x4 0  cm
M EA S 4 x4  cm
M EA S 6 x6  cm
M EA S 10 x10  cm
M EA S 15x15 cm
M EA S 2 0 x2 0  cm
M EA S 3 0 x3 0  cm
M EA S 4 0 x4 0  cm
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Table A.3:  Beam Profile Measurements Using MCNP





7 1.420860E-06 0.0202 0.011470111
5 6.139010E-05 0.012 0.495581029
3 1.207580E-04 0.0086 0.974837538
2 1.247140E-04 0.0085 1.006772957
1 1.234890E-04 0.0085 0.996883956
-1 1.237300E-04 0.0085 0.998829465
-2 1.238750E-04 0.0085 1
-3 1.231930E-04 0.0085 0.99449445
-5 6.126200E-05 0.012 0.494546922
-7 1.429940E-06 0.0202 0.011543411
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